The Digital Twin (DT) is commonly known as a key enabler for the digital transformation, however, in literature is no common understanding concerning this term. It is used slightly different over the disparate disciplines. The aim of this paper is to provide a categorical literature review of the DT in manufacturing and to classify existing publication according to their level of integration of the DT. Therefore, it is distinct between Digital Model (DM), Digital Shadow (DS) and Digital Twin. The results are showing, that literature concerning the highest development stage, the DT, is scarce, whilst there is more literature about DM and DS.
INTRODUCTION
In today's highly competitive markets, where mass customization of products and a rising importance of software components are presenting new challenges: digitalization in manufacturing is seen as an opportunity to achieve higher levels of productivity. (Uhlemann et al. 2017b ) The digital technologies, also known as Industry 4.0 technologies, allow easy integration of interconnected intelligent components inside the shopfloor. (Negri et al. 2017 ) These technologies allow a remotely sense, real-time monitoring and control of devices and cyber physical production elements across network infrastructures and therefore provide a more direct integration and synchronization from the physical to the virtual world. (Negri et al. 2017; Lee et al. 2015) The use of digitalization technologies enabled virtual product and process planning. The resulting large amounts of data are processed, analysed and evaluated by simulation and optimization tools in order to be able to make them available for planning in real time. (Boschert, Rosen 2016) One of these simulation based planning and optimization concepts with great potential in many industrial fields is the Digital Twin. (Tao et al. 2017) It is the virtual and computerized counterpart of a physical system. A Digital Twin can be used to simulate it for various purposes, exploiting a real time synchronization of the sensed data originating from the field-level and is able to decide between a set of actions with the focus to orchestrate und execute the whole production system in an optimal way. (Negri et al. 2017; Uhlemann et al. 2017b; Rosen et al. 2015) These results in a higher efficiency, accuracy and gains economic benefits in the production. (Negri et al. 2017) Based on a comprehensive and systematic literature research, this paper discusses the concept of the Digital Twin in the context of production science. The aim is to provide a holistic overview of the key enabling technologies, areas of application in which a Digital Twin is implemented, and the general level of integration of the individual case-studies and concepts currently used in scientific work. Above all, the technologies used and the level of integration and current maturity of Digital Twins are a major focus of the investigation. This paper serves as the basis for further work in the field of the Digital Twin in manufacturing.
The remainder of the paper is structured as follows: Within section 2 the Digital Twin and its different levels of integration are defined. In section 3, the methodology of the literature classification is presented The outcome of the literature categorization is discussed within section 4 and finally, the paper is concluded within section 5.
DEFINITION & METHODOLOGY
The aim of this paper is to provide a literature review with a categorization of the different contributions related to the Digital Twin. They are categorized in terms of their levels of integration, their focused area and the technologies used. Therefore, this section discusses the academic and theoretical definition of the Digital Twin concept and its different levels of integration, followed by an overview of the fields of observation in context to manufacturing and the key digital technologies.
Digital Twin
Whilst physical twins have been around for some time, the first definition of a concept nowadays known as the Digital Twin was made in 2002 by Michael Grieves in the context of an industry presentation concerning product lifecycle management (PLM). The Digital Twin in its original form is described as a digital informational construct about a physical system, created as an entity on its own and linked with the physical system in question. The digital representation should optimally include all information concerning the system asset
INTRODUCTION
DEFINITION & METHODOLOGY
Digital Twin
INTRODUCTION
DEFINITION & METHODOLOGY
Digital Twin
INTRODUCTION
DEFINITION & METHODOLOGY
Digital Twin
INTRODUCTION
DEFINITION & METHODOLOGY
Digital Twin
INTRODUCTION
DEFINITION & METHODOLOGY
Digital Twin
Whilst physical twins have been around for some time, the first definition of a concept nowadays known as the Digital Twin was made in 2002 by Michael Grieves in the context of an industry presentation concerning product lifecycle management (PLM). The Digital Twin in its original form is described as a digital informational construct about a physical system, created as an entity on its own and linked with the physical system in question. The digital representation should optimally include all information concerning the system asset Proceedings,16th IFAC Symposium on Information Control Problems in Manufacturing Bergamo, Italy, June 11-13, 2018
Copyright © 2018 IFACthat could be potentially obtained from its thorough inspection in the real world. (Grieves, Vickers 2017) A more detailed and in the research field widely recognized definition is given by Glaessgen, Stargel (2012) : the "digital twin is an integrated multi-physics, multi-scale, probabilistic simulation of a complex product and uses the best available physical models, sensor updates, etc., to mirror the life of its corresponding twin." (Tao et al. 2017) The Digital Twin in its origin describes mirroring a product, while the state of the art allows processes (manufacturing, power generation etc.) to be as well subjects of virtual space reproduction ("twinning") in order to gain the very same benefits. By the time, it was decided to name the concept the DT, first recognition has already appeared in the aerospace world in form of NASA Technology Roadmaps. (Shafto et al. 2010; Negri et al. 2017 ) A central aspect of the DT is the ability to provide different information in a consistent format. Digital Twins are more than just pure data, they include algorithms, which describe their real counterpart and decide about action in the production system based on this processed data. (Kuhn 2017; Boschert, Rosen 2016; Rosen et al. 2015) In terms of manufacturing, (Garetti et al. 2012 ) has the following definition for a Digital Twin: "The DT consists of a virtual representation of a production system that is able to run on different simulation disciplines that is characterized by the synchronization between the virtual and real system, thanks to sensed data and connected smart devices, mathematical models and real time data elaboration. The topical role within Industry 4.0 manufacturing systems is to exploit these features to forecast and optimize the behaviour of the production system at each life cycle phase in real time." (Negri et al. 2017) Due to the multiple existing solutions and concepts of a DT across industries a diverse and incomplete understanding of this concept exist. (Tao et al. 2017; Lee et al. 2013a; Rosen et al. 2015) To get a more common understanding of the Digital Twin, the level of integration are discussed in the following section.
Level of integration
Based on the given definitions of a Digital Twin in any context, one might identify a common understanding of Digital Twins, as digital counterparts of physical objects. Within these definitions, the terms Digital Model, Digital Shadow and Digital Twin are often used synonymously. However, the given definitions differ in the level of data integration between the physical and digital counterpart. Some digital representations are modelled manually and are not connected with any physical object in existence, while others are fully integrated with real-time data exchange. Therefore, the authors would like to propose a classification of Digital Twins into three subcategories, according to their level of data integration.
Digital Model
A Digital Model is a digital representation of an existing or planned physical object that does not use any form of automated data exchange between the physical object and the digital object. The digital representation might include a more or less comprehensive description of the physical object. These models might include, but are not limited to simulation models of planned factories, mathematical models of new products, or any other models of a physical object, which do not use any form of automatic data integration. Digital data of existing physical systems might still be in use for the development of such models, but all data exchange is done in a manual way. A change in state of the physical object has no direct effect on the digital object and vice versa.
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Fig. 1. Data Flow in a Digital Model
Digital Shadow
Based on the definition of a Digital Model, if there further exists an automated one-way data flow between the state of an existing physical object and a digital object, one might refer to such a combination as Digital Shadow. A change in state of the physical object leads to a change of state in the digital object, but not vice versa.
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Fig. 2. Data Flow in a Digital Shadow
Digital Twin
If further, the data flows between an existing physical object and a digital object are fully integrated in both directions, one might refer to it as Digital Twin. In such a combination, the digital object might also act as controlling instance of the physical object. There might also be other objects, physical or digital, which induce changes of state in the digital object. A change in state of the physical object directly leads to a change in state of the digital object and vice versa.
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Focused areas in manufacturing
A manufacturing Digital Twin offers an opportunity to simulate and optimize the production system, including its logistical aspects and enables a detailed visualization of the manufacturing process from single components up to the whole assembly. The Digital Twin encourage following main disciplines of production systems with the common target to increase competitiveness, productivity and efficiency:
 Production planning and control (Rosen et al. 2015) o Orders planning based on statistical assumptions o Improved decision support by means of detailed diagnosis o Automatic planning and execution from orders by the production units Susto et al. 2015) o Identify the impact of state changes on upstream and downstream processes of a production system o identification and evaluation of anticipatory maintenance measures o evaluation of machine conditions based on descriptive methods and machine learning algorithms o integrate, manage and analyse machinery or process data during different stages of machine life cycle to handle data/information more efficiently and further achieve better transparency of a machine's health condition (Lee et al. 2013b)  Layout planning (Uhlemann et al. 2017a ) o continuous production system evaluation and planning o Automatic and application independent data acquisition and variation
Key enabling technologies
Due to the different nature and varying integration levels of Digital Twin concepts, the set of technologies needed for the implementation differs greatly. Often referred technologies include, but are not limited to simulation methods (e.g. Discrete Event Simulation, Continuous Simulation, etc.), communication protocols (e.g. OPC-UA, MQTT, etc.) and other technologies commonly described as Industry 4.0 core technologies (Internet of Things, Cloud Computing, Big Data, etc.). Therefore, the key enabling technologies, referred to in the literature examined, shall be identified.
Categorization methodology
According to the aforementioned assumptions, it becomes clear that the Digital Twin is a frequently used term, which is applied diversely along the different disciplines. Although some literature reviews of the Digital Twin already exist, most of them analyse literature based on specific views as for example Negri et al. (2017) who are doing a thorough literature review of the Digital Twin's role within Industry 4.0. The aim of this paper is to provide a categorical literature overview among different areas of application of the DT in manufacturing. Particularly, the authors used the search engines Google Scholar and Scopus to gather publications (conference papers as well as journal papers) within the topic Digital Twin. Therefore, the following keywords and phrases were used during the research phase: Digital Twin, Digital Twin in manufacturing, Digital Twin in maintenance, Digital Twin in PPC, Digital Twin in production planning, Digital Twin in layout planning. Even though there are publications, which date before 2014, mainly papers with a publication date latter than 2014 were analysed.
The papers found, were analysed by their content and categorized according to their different perspectives, as shown in Fig.4 . Firstly, the publications were analysed concerning their type -if they were case-studies, conceptpapers, reviews or definitions. When a publication could be classified within more than one category of type, the dominant one was chosen. Furthermore, the focused area as well as the technologies mentioned, were derived from the papers' contents. The term Digital Twin literally occurred in most of the papers, however, the term was used in slightly different ways. So the papers were classified by their inherent level of integration concerning the described Digital-Twin. Therefore, the categorization, mentioned in section 2 was used. The classified literature is shown in Tab. 1. The majority (55 percent) of the reviewed literature is categorized with the type "concept". It is important to note, that some of them contained brief case-studies, but their main parts consist of concept development and description. However, the big share of concepts show that the research concerning the Digital Twin is at its infancy and many researchers are currently starting to derive appropriate concepts as a first step towards applying the Digital Twin in practice. However, 26 percent of the analysed publications are categorized as case-studies, where the focus of the papers is mainly describing the case-studies themselves as well as discussing their results. Fig. 5 . Publication-types: distribution of publication types IFAC INCOM 2018 Looking at the levels of integration, the majority of the publications are classified as Digital Shadows (35 percent) and Digital Models (28 percent). Although the majority of papers used the term Digital Twin, only 18 percent of them are really describing a Digital Twin with a bidirectional datatransfer. A combined analysis of type and level of integration gives more insight (cf. Tab. 1). The table shows, ignoring the undefined ones (where no exact classification of the level of integration was possible), that the relative number of casestudies decreases with an increase in the level of integration from DM to DT. There is only one case-study concerning a Digital Twin, which was implemented within a laboratory environment. (Bottani et al. 2017) There are some reviews, which are classified as Digital Twin, as a bidirectional data-exchange is assumed. When it comes to the focused area within the analysed publications, the majority of them focused production planning and control (PPC) as defined in section 2. The second most focused area is maintenance, in particular condition based maintenance (cf. section 2). Product lifecycle management (PLM) was an original idea of the digitalization within product engineering, however mostly the categories DM and DS are belonging to this kind of focused area, because mainly data escort of a product during its whole lifecycle is examined. In the construction phase CAx methods such as CAD, finite element models, etc. are used, which allow a fast engineering process. There is also the possibility of virtually test the behaviour of the product under development and iterate certain parameters in order to optimize its performance and produceability. During the operation phase the Digital Models can be used for maintenance purposes and increasing the speed of finding particular parts of the product, or virtually visualize certain conditions of the product during its operations. The latter one is describing a Digital Shadow, hence, also Digital Twins are possible within PLM. Analogously, layout planning as well as process design are focused areas within the Digital Twin research. Mainly Digital Models are used for engineering purposes, but when it comes to reconfigurable layouts Digital Twins are getting necessary (cf. section 2). Some of the publications do not focus on a particular area within manufacturing, hence they are dealing with the Digital Twin in a broader sense and are therefore classified as "manufacturing in general".
In a nutshell, current literature mainly consists of concept papers within the class of the Digital Shadow and focus on PPC. Some case-studies are already slowly emerging and the Digital Twin in manufacturing is gaining more and more attention. The authors of the analysed papers mainly see need for research in particular areas. While some researchers, especially coming from the class Digital Shadow, see a further research need in developing the optimization and simulation methods, others see the data connectivity as main problem. (Yang et al. 2016; Um et al. 2017b; Vachálek et al. 2017; Schleich et al. 2017; Frazzon et al. 2016; Kuhn 2017; Stark et al. 2017; Singh et al. 2017; Kuhlenkötter et al. 2017; Cai et al. 2017 ) However, there is consensus that further research concerning the conceptual basis of the Digital Twin is needed. Salleh et al. 2017) There is a tremendous benefit of the Digital Twin for applications in industry, but there is still a lack of case-studies which apply the concepts in practice. (Weyer et al. 2016; Um et al. 2017b; Uhlemann et al. 2017a; Lindström et al. 2017; Kuhn 2017) 
OUTLOOK & CONCLUSIONS
As also seen by other researchers, there is no common definition of the Digital Twin as the term is used synonymously with Digital Model and Digital Shadow. A main cause is the variety of focused areas within different disciplines. In order to encourage further contribution in this field of study, the establishment of a common definition is necessary. Additionally reference models, which fulfil the domain specific requirements of the focused areas, must be developed. However, a first step towards a common definition is proposed within this paper. Due to a categorical literature review about the Digital Twin, based on the differentiation between particular levels of integration.
The literature review shows, that the development of the DT is still at its infancy as literature mainly consists of concept papers without concrete case-studies. However, some applied case-studies already exist -especially at the lower levels of integration (DM and DS). As shown, a main focus of recent research concerning the DT in manufacturing is dealing with production planning and control as it is a main data-sink within a production system that ties everything together.
Hence, it has a mid-level time-horizon, simulation is often used in order to exploit the models at their best. However, the DT can also be used in domains with higher time-frequencies as e.g. process control and condition based maintenance, without using time intense simulation, but using other data driven approaches. There is a further research need for casestudies industrial environments in order to evaluate the possible benefit of the DT. IFAC INCOM 2018 
